Three data types are compared in the low-current-velocity regime in the southeastern North Atlantic, between 12øN and 30øN, 29øW and 18øW: Geosat altimetric sea level and derived surface geostrophic velocities, shallow current meter velocities, and dynamic heights derived from hydrographic data from cruises 4, 6, and 9 of the research vessel Meteor. The four current meter daily time series, at depths around 200 m, were smoothed over 1 month; the altimetric geostrophic velocities were computed from sea surface slopes over 142 km every 17 days. The correlation coefficients between the current meter and altimetric geostrophic velocities range between 0.64 and 0.90 for the moorings near 29øN but between 0.32 and 0.71 for the two around 21øN; the associated rms discrepancies between the two measurement types range between 1.5 and 4.4 cm/s, which is 49% to 127% of the rms of the respective current meter time series. Dynamic heights relative to 1950 dbar for the months of November 1986 (dM4), November 1987 (dM6), and February 1989 (dM9) were computed from Meteor cruises 4, 6, and 9. Both dynamic heights and altimetric heights (hM4 , hM6 , hM9 ) were averaged over 1 ø boxes for the duration of each cruise. Differences dM4 --dM6 and dM9 --dM6 were computed only at bins where at least one station from both cruises existed. Assuming that dynamic heights d in dynamic centimeters are equivalent to sea level h in centimeters, the standard deviation
INTRODUCTION
Most studies with Geosat satellite altimeter data over the last several years have concentrated on the large signals associated with western boundary currents [e.g., Kelly and Gille, 1990] or equatorial currents [e.g., Arnault et al., 1990 ]. Here we compare Geosat data with hydrographic and current meter data in a region with much smaller signals. The primary aim is to test whether altimetric data are sufficiently precise for determining the flow variability on scales from months to several years in a low-energy regime.
Altimeters, moored current meters, and conductivitytemperature-depth probes (CTDs) measure different properties of the oceanic flow. The surface slopes observed by altimeters yield geostrophic surface velocities, while current meters provide the total velocity (geostrophic and Ekman constituents, internal waves, etc.) at a certain depth. The geopotential anomaly (dynamic height) distribution obtained from hydrographic data sets supplies information on geostrophic velocities relative to a deep reference level, unless Copyfight 1993 by the American Geophysical Union.
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0148-0227/93/92JC-02729505.00 the configuration of stations allows a beta spiral or inverse calculation [Stommel and $chott, 1977; Wunsch, 1978; Davis, 1978] . In addition to these differences, a comparison has to take into account the differences in temporal and spatial sampling inherent in the three types of observations, as well as their relation to the variability described above. The goals we had in comparing the three types of data include answers to these questions: (1) Can seasonal and interannual variations of geostrophic ocean currents in such a low-energy regime be determined from Geosat altimetry? (2) Can Geosat altimetry provide surface currents on a monthly scale that are consistent with what current meter moorings observe, and if so, can we combine the two and hydrography to generate believable monthly maps? The main current core is part of the Canary Current-North Equatorial Current system in the Cape Verde Frontal Zone [Zenk et al., 1991; Fiekas et al., 1992] . The temperature and salinity gradients at the front separating North and South Atlantic Central waters almost compensate each other with respect to density [Barton, 1987] [Wentz, 1988 [Wentz, , 1989 ] after that date, and the correction of software errors in the computation of Schwiderski's tidal model (R. E. Cheney, personal communication, 1991). These data were edited for spikes and regridded to a uniform set of along-track latitudes [Zlotnicki et al., 1989 [Zlotnicki et al., , 1990 . The GEM-T2 orbit, like its predecessors, is the result of a dynamically consistent computation, where the satellite's orbital parameters are adjusted to the tracking data but are constrained to obey the equations of motion of the satellite subject to models of the forces (gravity, drag, solar pressure, etc.) acting on the satellite. Most improvements are associated with improved models of the forces, especially the gravity field [e.g., Marsh et al., 1990; Tapley, 1989 ]. All such dynamically consistent orbits leave residual orbit errors but absorb no ocean signal in their adjustment. Figure 2 Parameters are as follows: rA and rD are correlation coefficients between ascending or descending track velocities and the corresponding projection of current meter velocities; eA and eD are standard deviation of the difference between altimetric "meter" and current meter, as a percentage of the standard deviation of the current meter velocities; LA and LD are distance between current meter and altimetric "meter"; r A and rD are time shift applied to current meter time series before computing correlation and percent error; tr A and tr D are standard deviation of the current meter data projected normal to the ascending or descending tracks; and VN and UE are average current meter velocities The moorings chosen for this comparison had longer time series available than other nearby moorings and carried a shallow instrument (see Table 1 We could find no adequate explanation for the radically different agreement between the northern moorings and altimetry (excellent) versus the southern ones (for which a guess of zero velocity is a better estimate of the current meter's record than altimetry). The altimetry used in this section has one correction in addition to those described earlier: a second-degree alongtrack polynomial, between latitudes 0 ø and 40øN, was removed from the heights on each altimetric pass. This further minimizes residual orbit error, residual water vapor uncertainties, and residual tidal uncertainties. Our altimetryhydrography comparison without the removal of this polynomial was not encouraging.
To compare the dynamic topography and altimetric results, we concentrated not on the absolute dynamic height during one cruise (e.g., dM6 ) but on the differences in dynamic height with respect to cruise M6, i.e., The average discrepancy between the times of M4 and M6 is most likely caused by a systematic difference between the TOVS estimate of water vapor, used up to June 1987 [Emery et al., 1990] , and the SSM/I-based estimate used thereafter [Wentz, 1988] . The reasons for this conclusion are twofold:
(1) when we performed this calculation with the much poorer Fleet Numerical Oceanography Center (FNOC) water vapor correction, which has no discontinuity between the M4 and M6 times, the discrepancies M4 -M6 and M9 -M6 had higher standard deviation (3.1 cm) but small bias for both M4 -M6 (0.1-cm bias) and M9 -M6 (2.0-cm bias); and (2) for this region, the water vapor path delay averaged over the whole region of Figure 2 for day 330 of 1986 is fully 4 cm (approximately 0.6 g/cm2 of integrated water vapor) shorter than for the corresponding day of 1987, while the average differences with the FNOC estimate is only 1.6 cm.
In addition, at the suggestion of one reviewer, we computed the altimetric differences using only local nighttime data and only local daytime data, to assess whether the ionospheric correction (negligible at night) could be responsible: the areally averaged altimetric difference M4 -M6 was 0.4 cm using daytime data, and 0.6 cm using nighttime; the corresponding differences for M9 -M6 were 1.1 and -0.6 cm. Clearly, the ionospheric correction cannot be responsible for the 5.1-cm M4 -M6 difference. Furthermore, the 1.7-cm M9 -M6 discrepancy between daytime or nighttime estimates is just as likely geographic variability, since for any particular month, the daytime and nighttime data tend to be concentrated in one subregion of the study area (Musman et al. [1990] also found negligible differences globally).
Remarkably, the standard deviation, measuring the agreement of each 1 ø box after the overall mean is subtracted, is 2.1 cm for M4 -M6 and 2.6 cm for M9 -M6; i.e., the variance in the discrepancies corresponds to only 13% of the (5.8 cm) 2 variance of the dynamic height differences. This agreement is rather remarkable, given the differences in physics (hydrography versus sea level), spatial and temporal sampling, and the errors in the measurements as discussed below.
Hydrography. The hydrography is referred to 1950 dbar. This value provides a good approximation for the mean flow in the region [Stramma, 1984a; Klein and Siedler, 1989 ], but it is not certain whether such a level is also appropriate for mesoscale current variability. In other words, there are barotropic components present in the sea level measured by altimetry that cannot be recovered from this hydrographic data set.
Temporal variability. In general, the altimetric satellite did not overtly any station visited by the ship while the station was being sampled. Because of the sampling properties of Geosat, the altimetric samples were obtained no farther than 82 km and 8.5 days from the station's place and time. We made three independent estimates of the effect of the temporal ocean variability: (1) from published eddy kinetic energy maps, (2) from the W4 current meter mooring, and ( When all these studies are viewed together, it is clear that the altimetrically derived geostrophic velocities seldom have correlations below 0.5 or higher than 0.9 when compared with shallow current meters or Doppler profilers. It is also clear that for the low-current zone investigated here and with the methods used here, Geosat altimetry can measure sur-face geostrophic velocities averaged over 30 days and 142 km with rms error not exceeding 2-3 cm/s. More work needs to be done to understand the geographic sensitivity.
We also compared time differences in altimetric sea level residuals, e.g., hM4 -hM6, with time differences in dynamic heights (20 dbar to 1950 dbar), e.g., dM4 -dM6. Both d and h were averaged over 1 ø boxes, and h was also averaged over 1 month.
Let us assume for a moment that dynamic height differences in dynamic centimeters measure sea level differences in centimeter. The areal average of ((hM4 -hM6) --(dM4 --dM6) ) is a systematic bias of 5.1 cm, while the corresponding average for ((hM9 --hM6 ) --(dM9 --dM6) ) is 0.7 cm. The standard deviation of the altimetric-dynamic height differences was 2.1 cm, only 13% of the variance in the dynamic height differences.
We find a systematic difference between the TOVS and SSM/I water vapor corrections responsible for the bias between M4 and M6 times for two reasons: (1) the poorer FNOC water vapor correction, which has no discontinuity between the M4 and M6 times, yields discrepancies M4 -M6 and M9 -M6 with 3.1 •m standard deviation but only 0.1 cm bias between M4 and M6; and (2) averaged over this region, the water vapor path delay for day 330 of 1986 is 4 cm shorter than for the corresponding day of 1987, while the average difference with FNOC is only 1.6 cm.
We also find that the 2.1-cm standard deviation of the
differences ((h•vt• -hM6) -(divEr --dM6)) is indistinguish-
able from the 2.7-cm to 5.6-cm natural variability of sea level in the area expected between the times when the ship sampled the ocean and when the satellite did. Of course, dynamic heights with respect to a level of no motion are physically different from sea level. One source of uncertainty is the level of no motion; unfortunately, the ship tracks did not lend themselves to either a stable beta spiral calculation [Stommel and Schott, 1977] or an inverse calculation [Wunsch, 1978] . Having both hydrography and current data, one can, in principle, obtain the velocity at the reference level from the current meters, but the mooring time series used here did not cover the 28 months needed to overlap all three hydrographic cruises in order to measure interannual differences in dynamic height.
The water vapor correction affected the hydrographic comparison because Geosat did not carry a nadir-looking The systematic deviations for the surface topography between the three years of the Meteor cruises with same sign and similar magnitude in both the altimetry and the dynamic topography indicate that altimetric data can be used to determine interannual changes of the mean circulation, even in a low-velocity regime.
